Introduction
============

Alzheimer\'s disease (AD) is the most common age-associated disorder, accounting for \~60--80% of all cases of dementia ([@b1-mmr-14-03-2614]). Previous studies have shown that atrophy of the hippocampus and amygdala may occur in AD, even at the preclinical stages ([@b2-mmr-14-03-2614]--[@b4-mmr-14-03-2614]). AD is typically characterized by a progressive loss of memory, impairment of higher cognitive functions and major degeneration in the brain cortex. This degeneration includes the production and deposition of β-amyloid (Aβ) peptide, intracellular neurofibrillary tangles ([@b5-mmr-14-03-2614],[@b6-mmr-14-03-2614]) and extensive neuronal cell death ([@b7-mmr-14-03-2614]) in specific cortical and subcortical zones. AD shares a number of common pathological features with other neurodegenerative diseases, including activated apoptotic biochemical cascades, up-regulated oxidative stress levels, abnormal protein processing, and so forth ([@b8-mmr-14-03-2614]). Age-associated oxidative insults have been associated with neurodegenerative diseases, including AD and Parkinson\'s disease ([@b9-mmr-14-03-2614],[@b10-mmr-14-03-2614]). Aβ peptide fragments are capable of inducing neuronal cell death directly or indirectly ([@b11-mmr-14-03-2614]--[@b13-mmr-14-03-2614]). In addition, transgenic mice with mutant amyloid precursor protein are considered a valuable animal model to test preventative and therapeutic interventions for AD due to the occurrence of biochemical, behavioral and histopathological changes that are similar to those observed in patients with AD ([@b14-mmr-14-03-2614]). Although current therapeutic candidates for the treatment of AD that are similar to cholinesterase inhibitors such as meserine ([@b15-mmr-14-03-2614]) and memantine ([@b16-mmr-14-03-2614]) may modestly improve memory and cognitive function in this transgenic mouse model, these drugs do not show disease-modifying effects in patients. To date, the available therapies for AD only serve the purpose of ameliorating disease symptoms, and there are no effective therapeutic approaches that address the underlying pathological processes of AD ([@b17-mmr-14-03-2614]).

Neuregulin-1 (Nrg1), a protein encoded by the *NRG1* gene, has been identified as an active epithelial growth factor (EGF) family member ([@b18-mmr-14-03-2614]). At least 31 isoforms and six types of Nrg1, including Nrg1α and Nrg1β, types I to VI, have been identified, due to alternative splicing ([@b19-mmr-14-03-2614]). These types, or isoforms, perform a broad spectrum of functions. Nrg1 has been implicated in glioma malignancy ([@b20-mmr-14-03-2614]), gastrointestinal systems ([@b21-mmr-14-03-2614]) and prolactin secretion ([@b22-mmr-14-03-2614]--[@b24-mmr-14-03-2614]). Specific direct binding of Nrg1 to ErbB receptors, including ErbB3 and ErbB4 ([@b25-mmr-14-03-2614],[@b26-mmr-14-03-2614]), activates a diverse set of biological processes, including myelination, neurite outgrowth, cell proliferation, differentiation and protection against apoptosis ([@b27-mmr-14-03-2614],[@b28-mmr-14-03-2614]). Nrg1, as well as its receptor ErbB tyrosine kinase, is expressed in the developing nervous system and the adult brain, where they exert a key role in regulating the development and regeneration of the nervous system ([@b29-mmr-14-03-2614]--[@b31-mmr-14-03-2614]). Nrg1 has been reported to prevent brain injury following stroke ([@b32-mmr-14-03-2614]), and to exert a protective role for dopaminergic neurons in a mouse model of Parkinson\'s disease ([@b33-mmr-14-03-2614]). A burgeoning body of evidence suggests that Nrg1 is associated with traumatic brain injury ([@b34-mmr-14-03-2614]) and AD ([@b35-mmr-14-03-2614]).

Given the alteration of Nrg1 signaling in patients with AD and the protective role of Nrg1 in the lesioned nervous system ([@b29-mmr-14-03-2614],[@b30-mmr-14-03-2614]), it was hypothesized that Nrg1 may exert a preventive role in the maintenance of cell survival-associated signaling under the pathological conditions present in AD. In the present study, it has been shown that the levels of Nrg1 are altered in response to hydrogen peroxide (H~2~O~2~)- or Aβ~1--42~-induced oxidative stress and neuronal damage in an attempt to protect the cortical neurons from abnormal changes in cell signaling. Notably, exogenous Nrg1 was revealed to have a pivotal role in preventing neurons from oxidative damage and in triggering changes in Nrg1-ErbB signaling in response to the harmful situation. These results demonstrated that Nrg1 signaling is perturbed under the pathological conditions of AD, and this alteration may be partially reversed by the exogenous application of Nrg1. Taken together, these data indicate a neuroprotective role of Nrg1 against pathological damage during the development of AD.

Materials and methods
=====================

Tissue microarray
-----------------

Human brain tissue microarray containing 4-*μ*m-thick cortical tissues was purchased from Shaanxi Chaoying Biotechnology Co., Ltd. (BN 126; Xi\'an, Shanxi, China). In addition, human brain frontal lobe sections from a normal individual (cat. no. ab4304; Abcam, Cambridge, MA, USA) and from a patient with AD (cat. no. ab4582; Abcam) at a thickness of 5 *μ*m were used.

Animals
-------

Female and male C57BL/6 mice (n=20; age, 3 months) were purchased from Guangdong Medical Laboratory Animal Center (Foshan, Guangdong, China) and maintained in the animal center of Shantou University Medical College (SUMC). All the animals were housed in the SUMC animal center at 25°C in a reversed 12/12 h dark-light cycle, and food and water were provided *ad libitum*. All experiments conducted on animals were reviewed and approved by the Animal Ethics Committee of SUMC and the authorities of the Guangdong Province. All efforts were made to minimize the suffering of animals and to reduce the number of animals used in these experiments.

Preparation of recombinant Nrg1β (rNrg1β) and oligomeric Aβ~1--42~
------------------------------------------------------------------

The *Escherichia coli*-derived rNrg1β (CYT-407; ProSpec-Tany TechnoGene Ltd., Ness Ziona, Israel) was dissolved in phosphate-buffered saline (PBS, pH 7.4) and used for *in vitro* cell culture experiments.

Synthetic Aβ~1--42~ powder (cat. no.1932-2-15; ChinaPeptides Co., Ltd., Shanghai, China) was dissolved in 0.1% dimethyl sulfoxide and diluted 1:100 in Dulbecco\'s modified Eagle\'s medium (DMEM)/F-12 culture medium (HyClone™; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The diluted solution was subsequently incubated at 4°C for 24 h prior to centrifugation at 14,000 g for 10 min. The supernatant was used as oligomeric Aβ~1--42~ for *in vitro* cell culture experiments.

Primary culture of the mouse cortical neurons
---------------------------------------------

Mouse frontal cortical tissues were obtained from postnatal C57BL/6 mice on day 0 (P0) and crudely homogenized by chopping following the removal of the vessels and meninges. The tissues were kept on ice in DMEM/F-12 culture medium (HyClone™; Thermo Fisher Scientific, Inc.) without serum, and subsequently digested with 0.125% trypsin (Solarbio Biotech Corp., Beijing, China) at 37°C in a humidified 5% CO~2~ atmosphere for 30 min. The finely separated cortical neurons were seeded in a volume of 200 *μ*l at a density of 2×10^5^ cells per well in 48-well cell culture plates pre-coated with 100 *μ*g/ml poly-D-lysine (C0312; Beyotime Institute of Biotechnology, Shanghai, China). Cells were cultured in DMEM/F-12 culture medium supplemented with 10% fetal bovine serum (FBS; Sijiqing Biotech Corp., Hangzhou, China) and 1% penicillin/streptomycin (Solarbio Biotech Corp.) for 6 h to enable cell adhesion to the plates. The medium was subsequently aspirated and replaced with Neurobasal-A (cat. no. 21103-049; Gibco; Thermo Fisher Scientific, Inc.) culture medium supplemented with 2% B-27 (cat. no. 17504-001, Gibco, Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin.

To investigate changes in Nrg1 signaling *in vitro* at the protein level, the primary cortical neurons were treated using two different paradigms: i) The cortical neurons were maintained at 37°C in a humidified 5% CO~2~ atmosphere for 24 h, and subsequently the culture medium was replaced with Neurobasal-A medium containing H~2~O~2~ at various concentrations: 0, 1, 2.5, 5, 10 and 20 *μ*M for 24 h; ii) the cells were cultured for 6 h, 1, 3, 6 and 10 days. Cells cultured for 6 h were used as a control (0 days). At the indicated time points, whole-cell lysates were collected.

To study the neuroprotective role of rNrg1β in regulating Nrg1 signaling at the protein level, cortical neurons were utilized with two different cell models: i) Cortical neurons were treated with 0, 5 or 10 nM rNrg1β for 2 h, followed by an exposure to 2.5 *μ*M H~2~O~2~ for 24 h; ii) after a 24-h incubation period, cells were treated with 0, 5 or 10 nM rNrg1β for 2 h prior to incubation with a sublethal dose of 10 *μ*M oligomeric Aβ~1--42~ for 24 h. Finally, whole-cell lysates were collected for western blotting.

Immunofluorescence staining
---------------------------

Paraffin-embedded human brain cortical tissue microarray and human frontal cortical sections from a normal individual and a patient with AD were deparaffinized, rehydrated via a graded array of ethanol to PBS, and antigen retrieval was then performed using 10 mM citrate buffer (pH 6.0) for 40 min. Non-specific protein binding sites were blocked by incubation with 10% normal donkey serum diluted in PBS at room temperature (RT, 25°C) for 1 h. The sections were incubated at 4°C overnight with mouse monoclonal anti-Nrg1 antibody (1:200, cat. no. MS-272-P1, Thermo Fisher Scientific, Inc.) without or with either rabbit polyclonal anti-phosphorylated (p)ErbB4 antibody (1:200, cat. no. sc-33040, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) or rabbit polyclonal anti-pNeu antibody (1:200, cat. no. sc-12352-R, Santa Cruz Biotechnology, Inc.). Mouse monoclonal anti-β-III tubulin (1:1,000, cat. no. sc-80016, Santa Cruz Biotechnology, Inc.) was applied to indicate the mouse cortical neurons. Following washing with PBS three times (5 min each wash), the samples were incubated with a donkey anti-mouse secondary antibody conjugated to Dylight™ 488 (1:1,000) and a donkey anti-rabbit secondary antibody conjugated to Dylight™ 594 (1:1,000) at RT in the dark for 90 min. The samples were finally mounted using ProLong^®^ Gold Antifade reagent with 4′,6-diamidino-2-phenylindole (DAPI; P36935, Gibco; Thermo Fisher Scientific, Inc.). Double-immunofluorescence images were acquired using an Olympus laser confocal system (FV-1000; Olympus, Tokyo, Japan). DAPI was excited at 405 nm. Dylight™ 488 and Dylight™ 594 were excited at 488 and 594 nm, respectively, in a multi-track configuration.

The protein levels of Nrg1, pNeu and pErbB4 in the human brain cortical tissue microarray were evaluated using integrated fluorescence intensity (IFI). The IFI at each tissue point was obtained using the MultiImage Light Cabinet CY3 filter for Nrg1, and the CY5 filter of the FluorChem HD2 gel-imaging system for pErbB4 or pNeu (Alpha Innotech, San Leandro, CA, USA). The IFI was analyzed using Image Tool II software 3.0 (University of Texas Health Science Center, San Antonio, TX, USA).

Immunohistochemical staining
----------------------------

Deparaffinized human frontal cortical sections from a normal individual and a patient with AD were rehydrated via a graded array of ethanol to PBS. Subsequently, hit-induced antigen retrieval was performed in citrate buffer (10 mM, pH 6.0) at 95°C for 40 min, followed by cooling down to RT for at least 60 min. Sections were then incubated in a 3% H~2~O~2~ solution for endogenous peroxidase clearance at RT for 10 min. Sections were subsequently washed in PBS for 5 min three times. Following blocking in 10% PBS-buffered normal goat serum for 30 min, sections were incubated with primary antibodies, including mouse monoclonal anti-Nrg1 antibody (1:200, cat. no. MS-272-P1, Thermo Fisher Scientific, Inc.), rabbit polyclonal anti-pErbB4 antibody (1:200, cat. no. sc-33040, Santa Cruz Biotechnology, Inc.), rabbit polyclonal anti-pNeu antibody (1:200, cat. no. sc-12352-R, Santa Cruz Biotechnology, Inc.) and rabbit polyclonal anti-Aβ~1--42~ antibody (1:1,000, cat. no. ab39377, Abcam) overnight at 4°C, followed by incubation with an Enhanced Polymer DAB Detection kit (cat. no. PV-900; ZSGB-Bio, Beijing, China) and an AEC kit (cat. no. ZLI-9036; ZSGB-Bio). Stained sections were mounted on slides, dehydrated and sealed with coverslips using a commercial water-soluble mounting kit (cat. no. AR1018; Boster Biological Technology, Wuhan, China). Counterstaining was performed with Mayer\'s hematoxylin in certain of the tissue sections.

Congo red reagent (cat. no. DG0025, Beijing Leagene Biotech. Co., Ltd., Beijing, China) was used to confirm the formation of amyloid plaques in frontal lobe sections from a patient with AD, according to the manufacturer\'s protocol.

Western blotting analysis
-------------------------

Tissue lysates of the frontal lobe from either normal adults (cat. no. ab29969, Abcam) or the patient with AD (cat. no. ab29971, Abcam) and the whole-cell lysates from cultured mouse cortical neurons were mixed with 20% sample loading buffer \[0.125 M Tris/HCl (pH 6.8), 20% glycerol, 10% sodium dodecylsulfate, 0.1% bromophenol blue and 5% β-mercaptoethanol\]. All samples were heated for 15 min at 95°C. Protein samples were resolved using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and subsequently electroblotted onto polyvinylidene difluoride membranes (Millipore Corp., Billerica, USA). Incubation in 5% non-fat milk or bovine serum albumin diluted in Tris/HCl saline buffer supplemented with 0.1% Tween-20 (TBST, pH 7.4) for 1 h was used to block non-specific protein-binding sites. Membranes were incubated with antibodies specific for mouse monoclonal anti-Nrg1 antibody (1:1,000, cat. no. MS-272-P1, Thermo Fisher Scientific, Inc.), rabbit polyclonal anti-pErbB4 antibody (1:500, cat. no. sc-33040, Santa Cruz Biotechnology, Inc.), rabbit polyclonal anti-ErbB4 antibody (1:1,000, cat. no. sc-283, Santa Cruz Biotechnology, Inc.), rabbit polyclonal anti-pNeu antibody (1:500, cat. no. sc-12352-R, Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-Neu antibody (1:1,000, cat. no. sc-33684, Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-phosphorylated extracellular signal-regulated kinase 1/2 (anti-pErk1/2) antibody (1:1,000, cat. no. sc-7383, Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-Erk1/2 antibody (1:1,000, cat. no. sc-135900, Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-pAkt1 antibody (1:1,000, cat. no. sc-81433, Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-Akt1 antibody (1:1,000, cat. no. sc-55523, Santa Cruz Biotechnology, Inc.) and mouse monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GADPH) antibody (1:1,000, cat. no. sc-365062, Santa Cruz Biotechnology, Inc.) overnight at 4°C. After washing the membrane with TBST three times at RT (5 min each wash), membranes were further incubated with horseradish peroxidase-conjugated goat anti-mouse secondary antibody (1:1,000, cat. no. BA1051, Boster Biological Technology, Wuhan, China) or anti-rabbit secondary antibody (1:1,000, cat. no. BA1055, Boster Biological Technology) for 1 h. Subsequently, membranes were washed in TBST three times (5 min each wash) at RT. The immunoreactive bands were visualized using an enhanced chemiluminescence kit (Bio-Rad Laboratories, Richmond, CA, USA) and an imaging system (Alpha Innotech, San Leandro, CA, USA). The signal intensity was quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis
--------------------

Statistical analyses were performed with SPSS 17.0 software (Chicago, IL, USA). Data were expressed as the mean ± standard error of the mean and analyzed with one-way analysis of variance (ANOVA) with Tukey\'s post-hoc test for independent samples. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Co-immunostaining correlation analysis of Nrg1 with the phosphorylation levels of ErbB4 and Neu receptors in a human cortical tissue microarray
-----------------------------------------------------------------------------------------------------------------------------------------------

To determine a functional correlative relationship between the level of Nrg1 and the phosphorylation levels of either the ErbB4 or the Neu receptors, the co-localization of Nrg1 with either pErbB4 or pNeu receptors was examined. The signal intensity for Nrg1 with pErbB4 receptors was revealed by double immunofluorescence ([Fig. 1A](#f1-mmr-14-03-2614){ref-type="fig"}), and a positive correlation between Nrg1 and pErbB4 (r=0.932, P\<0.0001) ([Fig. 1B](#f1-mmr-14-03-2614){ref-type="fig"}) was identified. Similarly, the signal intensity for Nrg1 with Neu receptors was also revealed by double immunofluorescence ([Fig. 1C](#f1-mmr-14-03-2614){ref-type="fig"}) and an apparent positive correlation between Nrg1 and pNeu (r=0.979, P\<0.0001) ([Fig. 1D](#f1-mmr-14-03-2614){ref-type="fig"}) was revealed in the human cortical region.

Detection of Nrg1 signaling in the frontal lobe of a human AD brain
-------------------------------------------------------------------

Congo red staining was used to confirm the formation of the amyloid plaques in the frontal lobe of the brain of a human patient with AD. The results demonstrated that there were numerous amyloid plaques distributed in the frontal lobe of an AD brain, whereas no amyloid plaque was detected in the normal control ([Fig. 2A](#f2-mmr-14-03-2614){ref-type="fig"}). In addition, immunohistochemical staining also revealed the formation of Aβ~1--42~ positive plaques in the frontal cortical zone, whereas few Aβ~1--42~ positive plaques were found in the normal individual ([Fig. 2A](#f2-mmr-14-03-2614){ref-type="fig"}).

To study the changes in Nrg1 signaling in the frontal cortex of an AD brain, western blotting was used to determine the protein levels of Nrg1 and the phosphorylation levels of ErbB4 and Neu. The protein level of Nrg1 was increased in the frontal cortical gray matter from an AD brain ([Fig. 2B](#f2-mmr-14-03-2614){ref-type="fig"}). In contrast, the levels of pErbB4 and pNeu showed a tendency towards a decrease when compared with a normal control. Notably, the phosphorylation level of Erk1/2, which is involved in downstream Nrg1-ErbB signaling, was increased when compared with that in the normal control ([Fig. 2B](#f2-mmr-14-03-2614){ref-type="fig"}).

To further investigate changes in Nrg1 signaling under the conditions of AD, Nrg1, pErbB4 and pNeu in the frontal cortical gray matter from a patient with AD and a normal control were immunohistochemically stained. A tendency for there to be an increased level of Nrg1 was observed in the gray matter of an AD brain compared with a normal control ([Fig. 2C](#f2-mmr-14-03-2614){ref-type="fig"}). By contrast, the staining intensities for pErbB4 and pNeu were clearly reduced ([Fig. 2C](#f2-mmr-14-03-2614){ref-type="fig"}).

To evaluate the expression and potential co-localization of Nrg1 with pErbB4 or pNeu, co-immunostaining of Nrg1 with these receptors was performed using the frontal cortical tissue from an AD brain. Co-localization of Nrg1 (green) with pErbB4 (red) or with pNeu (red) was observed. In the human AD brain, a tendency towards an up-regulation of the levels of Nrg1 was observed, whereas the levels of pErbB4 and pNeu were not up-regulated compared with those of normal brain tissue ([Fig. 2D and E](#f2-mmr-14-03-2614){ref-type="fig"}). In addition, pErbB4 and pNeu were detected in a smaller number of the neuronal cells in the AD-affected cerebral cortex, which may explain, in part, the reduced levels of the two molecules observed in the western blots.

Western blotting analysis of Nrg1 isoform expression and the ErbB receptor phosphorylation level in primary cortical neurons during the progression of cell senescence
----------------------------------------------------------------------------------------------------------------------------------------------------------------------

The primary cortical neurons were routinely cultured for 1, 3, 6 and 10 days without any treatment. The expression of Nrg1 isoforms, including the 123-, 95-, 75-, 71-, 60-, 54- and 36-kDa variants, showed a time-dependent increase that reached statistical significance at 3, 6 and 10 days when compared with the 0-day control ([Fig. 3A](#f3-mmr-14-03-2614){ref-type="fig"}). A marked increase in the protein levels of the pNeu and pErbB4 receptors was observed at 1 to 10 days when compared with the 0-day control ([Fig. 3B](#f3-mmr-14-03-2614){ref-type="fig"}).

Investigation of the protective role of Nrg1β in primary cortical neuronal cultures oxidatively stressed by H~2~O~2~
--------------------------------------------------------------------------------------------------------------------

To determine the role of Nrg1 in preventing oxidative insults at the protein level, western blotting was employed to analyze the protein level of Nrg1 and the phosphorylation levels of Neu and ErbB4 receptors in primary cortical neurons in response to a 24 h treatment with H~2~O~2~ at concentrations ranging from 0 to 20 *μ*M. Multiple isoforms of Nrg1, including the 123-, 71-, 60-, 54- and 36-kDa variants, were expressed in the primary cortical neurons. Compared with the vehicle control, all Nrg1 isoforms showed a dose-dependent decrease in response to the gradually increased concentrations of H~2~O~2~ ([Fig. 4A](#f4-mmr-14-03-2614){ref-type="fig"}). In comparison with the vehicle control, the expression of Nrg1 was down-regulated, accompanied by a marked reduction in the receptor levels of pNeu and pErbB4 ([Fig. 4B](#f4-mmr-14-03-2614){ref-type="fig"}).

Furthermore, in order to explore the role of rNrg1β in alleviating oxidative stress and axonal damage, western blotting was conducted to evaluate whether the Nrg1-ErbB signaling pathway was involved in the preventive mechanism on exposure to H~2~O~2~. Based on the data from a previous study (Chen *et al*, unpublished) a concentration of 2.5 *μ*M was adopted as the optimal concentration of H~2~O~2~ for treatment of the cortical neurons following pretreatment with 0, 5 or 10 nM rNrg1β for 2 h. It was revealed that the levels of pErbB4 and pNeu were markedly decreased following treatment with H~2~O~2~, and this effect was reversed on addition of rNrg1β, to a maximal extent at 10 nM for pErbB4 and at 5 nM for pNeu ([Fig. 4C](#f4-mmr-14-03-2614){ref-type="fig"}). The levels of Akt1 and Erk1/2 activation exhibited a similar trend to that of pErbB4 ([Fig. 4D and E](#f4-mmr-14-03-2614){ref-type="fig"}).

Double immunofluorescence staining was subsequently used to further confirm these observations. It was revealed that, compared with non-stressed neurons, H~2~O~2~-treated neurons exhibited diminished levels of neurite outgrowth, with the detection of reduced levels of Nrg1 and of pNeu or pErbB4. In contrast, pretreatment with 5 and 10 nM rNrg1β prior to H~2~O~2~ exposure was able to partially reverse these effects by increasing the levels of both pNeu and pErbB4, with more clearly recognizable effects observed at a concentration of 10 nM ([Fig. 4F and G](#f4-mmr-14-03-2614){ref-type="fig"}).

The preventive role of rNrg1β in counteracting the effects of Aβ~1--42~ on mouse cortical neurons
-------------------------------------------------------------------------------------------------

The protective role of rNrg1β in mouse cortical neurons treated with Aβ~1--42~ was subsequently investigated. Western blotting was utilized to evaluate the influence of rNrg1β pretreatment on the phosphorylation levels of Neu and ErbB4 and on the downstream signaling pathways in primary cortical neurons following a 24 h incubation with 10 *μ*M oligomeric Aβ~1--42~. Administration of 10 *μ*M oligomeric Aβ1--42 significantly downregulated the protein levels of several Nrg1 isoforms, including the 60 kDa and 36 kDa Nrg1, whereas pretreatment with 5 nM rNrg1β counteracted the effects of Aβ~1--42~ by increasing the Nrg1 isoforms. By contrast, pretreatment with 10 nM rNrg1β showed no apparent effects on the function of Aβ~1--42~ ([Fig. 5A](#f5-mmr-14-03-2614){ref-type="fig"}). It was also demonstrated that the relative levels of pErbB4 and pNeu were markedly decreased following treatment with Aβ~1--42~, and this effect on pErbB4 was compensated for by pretreatment with 10 nM rNrg1β and on pNeu by pretreatment with 5 nM rNrg1β ([Fig. 5B](#f5-mmr-14-03-2614){ref-type="fig"}). In addition, pAkt1 levels were increased, and pErk levels were decreased when treated with Aβ~1--42~ alone ([Fig. 5C and D](#f5-mmr-14-03-2614){ref-type="fig"}). However, rNrg1β pretreatment upregulated the levels of pAkt1 and pErk in Aβ~1--42~-challenged cortical neurons ([Fig. 5C and D](#f5-mmr-14-03-2614){ref-type="fig"}).

We subsequently applied double immunofluorescence staining to further confirm these observations. It was observed that, compared with non-stressed neurons, Aβ~1--42~-treated neurons demonstrated a diminished neurite outgrowth, with reduced levels of pNeu or pErbB4 detected. In contrast, pretreatment with 5 or 10 nM rNrg1β prior to Aβ~1--42~ exposure was able to partially reverse these effects by increasing the levels of both pNeu and pErbB4, with the most marked effects being observed with 10 nM rNrg1β for pErbB4 and 5 nM rNrg1β for pNeu ([Fig. 5E and F](#f5-mmr-14-03-2614){ref-type="fig"}).

Discussion
==========

It is widely acknowledged that the Nrg1-ErbB signaling pathway exerts a crucial role in multiple biological processes, including cell differentiation, organ development and tumorigenesis. Receptors for Nrg1 signaling undergo phosphorylation of their cytoplasmic tyrosine residues, which elicits downstream effects and biological responses ([@b36-mmr-14-03-2614]). The binding of the ligand results in the dimerization and activation of ErbB receptors. Phosphorylation of the intracellular domains creates docking sites for adaptor proteins, including growth factor receptor-bound protein 2 (Grb2) and Shc for the activation of the Erk pathway, and p85 for the activation of the phosphoinositide 3-kinase pathway ([@b37-mmr-14-03-2614]). A previous study revealed an association between Nrg1 and ErbB4 immunoreactivity and the formation of neuritic plaques in patients with AD in a transgenic animal model of AD ([@b35-mmr-14-03-2614]). In the present study, a linear correlation was observed between Nrg1 and the phosphorylation of Neu and ErbB4 receptors in a normal human cortical tissue microarray. To elucidate the exact mechanism by which Nrg1 contributes to AD development, two cell models were applied. Based on our results using cortical neurons under the pathological conditions of AD, multiple isoforms of Nrg1 were altered, including the 123-, 95-, 75-, 71-, 60-, 54-, 40- and 36-kDa proteins. These bands represent alternatively spliced products of the *NRG1* gene, post-translationally modified forms of the proteins, and/or a shedding of the ectodomains from the initial precursors. All isoforms of *Nrg1* contain an epidermal growth factor (EGF)-like signaling domain that is required for activation of the receptors ([@b38-mmr-14-03-2614]). In addition, the interaction of Nrg1 with its receptors was shown to be associated with the activation of intracellular signaling pathways that are associated with the development and regeneration of the nervous system ([@b29-mmr-14-03-2614],[@b30-mmr-14-03-2614]). In the present study, it has been demonstrated that the changes in Nrg1 isoform expression and receptor phosphorylation are highly influenced by the pathological conditions observed in AD. Thus, expression changes in Nrg1 isoforms appear to be associated with the pathological development of AD, suggesting that Nrg1 may be a critical molecule in the development of AD.

Oxidative stress plays an essential role in the onset and development of AD ([@b39-mmr-14-03-2614],[@b40-mmr-14-03-2614]), and cellular oxidative stress levels are increased in vulnerable regions of the AD brain ([@b41-mmr-14-03-2614],[@b42-mmr-14-03-2614]). The brain is particularly sensitive to oxidative stress due to special cellular features, including a large dependence on oxidative phosphorylation for energy production, low antioxidant concentrations, low levels of membrane lipids and high levels of iron, which are associated with free radical injury ([@b43-mmr-14-03-2614]--[@b45-mmr-14-03-2614]). Previous studies reported that Nrg1 was up-regulated following nerve injury, and it served as an essential agent to protect the neurons from ischemic damage ([@b34-mmr-14-03-2614],[@b46-mmr-14-03-2614],[@b47-mmr-14-03-2614]). In addition, Nrg proteins attenuated the release of free radicals and protected neuronal cells from H~2~O~2~-induced apoptosis ([@b48-mmr-14-03-2614],[@b49-mmr-14-03-2614]). In the present study, the protein levels of multiple Nrg1 isoforms and the phosphorylation of their receptors were observed to increase in a time-dependent manner. Changes in Nrg1 signaling in cortical neurons exposed to oxidative stress were further investigated. It was observed that protein levels of Nrg1, and the phosphorylation of its receptors, were down-regulated in response to high concentrations of H~2~O~2~. Although the Nrg1 protein level was up-regulated at low concentrations of H~2~O~2~ compared with the control, no up-regulation of receptor phosphorylation was identified. This suggested that the interactions between Nrg1 and the ErbB receptors were perturbed under conditions of oxidative stress. By contrast, exogenous rNrg1β was able to protect the cortical neurons from oxidative stress and neuraxonal damage via the up-regulation of the Nrg1-ErbB cell signaling pathway. Cui *et al* ([@b50-mmr-14-03-2614]) proposed that endogenous Nrg1 was increased in response to the production of Aβ to protect the neurons against damage. However, the injured neurons were not capable of expressing sufficient Nrg1β1 to adapt to prolonged damage, which ultimately led to apoptosis. Increased oxidative stress occurs in response to increased Aβ levels ([@b51-mmr-14-03-2614]); therefore, in the present study, it was originally hypothesized that the up-regulation of endogenous Nrg1 in primary cortical neurons exposed to H~2~O~2~ may be an initial, local protective response against abnormal cell signaling. However, the cortical neurons were unable to express sufficient Nrg1 over time, eventually resulting in the dysfunction of Nrg1 signaling. These results suggest the existence of an intrinsic self-protective mechanism in which injured cortical neurons may adapt to, and automatically counteract, neuronal injury.

Aβ is associated with the generation of reactive oxygen species, which cause cell damage, apoptosis, mitochondrial dysfunction and the peroxidation of membrane lipids ([@b52-mmr-14-03-2614],[@b53-mmr-14-03-2614]). In addition, the accumulation of Aβ peptides has been identified as a key step in the multiple pathogenic changes associated with neurodegeneration and dementia ([@b54-mmr-14-03-2614],[@b55-mmr-14-03-2614]). Previous studies demonstrated that the neurotoxicity induced by Aβ~1--42~ may lead to apoptotic cell death ([@b56-mmr-14-03-2614]), and that Aβ is able to disrupt signaling pathways, including those involving Erk1/2 and Akt in the primary rat cortical neurons ([@b57-mmr-14-03-2614],[@b58-mmr-14-03-2614]). In the present study, it was observed that exposure of primary cortical neurons to Aβ~1--42~ caused an up-regulation in the level of Nrg1 protein and in Akt1 phosphorylation, and a down-regulation of Neu/ErbB4 phosphorylation and pErk1/2 levels. *In vitro* studies have demonstrated that Nrg1β treatment may protect neuronal cells ([@b59-mmr-14-03-2614]--[@b62-mmr-14-03-2614]). In the present study, Aβ~1--42~ treatment increased the levels of Nrg1 and Akt1 phosphorylation, and decreased the phosphorylated levels of ErbB4, Neu and Erk1/2. Moreover, the Aβ~1--42~-induced reduction in the levels of pErbB4, pNeu, pAkt1 and pErk1/2 was antagonized by rNrg1β pretreatment. Recombinant human Nrg1 contains an EGF-like domain that is essential for the phosphorylation-dependent activation of Neu/ErbB4 receptors ([@b63-mmr-14-03-2614]). Nrg1 is able to signal to target cells via interactions with transmembrane tyrosine kinase receptors of the ErbB family. The interaction of Nrg1 with ErbB receptors may result in the dimerization of receptors, tyrosine phosphorylation, and activation of intracellular signaling pathways ([@b59-mmr-14-03-2614],[@b64-mmr-14-03-2614]). Activation of ErbB4 by Nrg1 may induce a marked increase in ErbB4 phosphorylation ([@b65-mmr-14-03-2614]) and lead to a sustained activation of Akt and Erk ([@b66-mmr-14-03-2614]). In addition, the Akt and Erk1/2 signaling cascades have an essential role in regulating gene expression and in preventing apoptosis ([@b67-mmr-14-03-2614]). A wide spectrum of *in vivo* and *in vitro* studies have demonstrated that phosphorylation of Erk facilitates cell survival ([@b68-mmr-14-03-2614]), and that the dephosphorylation of Akt is involved in the development of AD ([@b58-mmr-14-03-2614],[@b69-mmr-14-03-2614],[@b70-mmr-14-03-2614]). These results indicated that Nrg1 signaling in mouse cortical neurons is altered in response to the accumulation of Aβ, suggesting that Nrg1 may function as a crucial candidate for the prevention and treatment of AD.

In view of these observations, it was our hypothesis that, although Nrg1 is up-regulated in cortical neurons during the early stages of AD to protect against abnormal changes in cell signaling, the phosphorylation levels of its receptors are relatively less responsive due to some unknown interrupting factors. As a consequence, Nrg1 signaling is not able to function properly when ErbB4 is not adequately activated. In addition, sufficient levels of Nrg1 are not expressed when the damage is prolonged, thus failing to prevent the development and progression of AD. Notably, the present study revealed that pretreatment of neural cells with rNrg1β partially reversed the neurotoxicity of Aβ~1--42~. These findings have provided a foundational basis for Nrg1 signaling as a potential therapeutic target for the prevention, and possibly the treatment, of AD.
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![Linear correlation analyses for Nrg1 with either pErbB4 (A and B) or pNeu (C and D) based on integrated fluorescence intensity of the human frontal cortex tissue array. Double immunofluorescence staining of Nrg1 with either pErbB4 (A) or pNeu (C) at each tissue point is shown. Linear correlation graph depicting the association between Nrg1 and pErbB4 (B) or pNeu (D). Each corresponding Pearson correlation coefficient (*r*) is shown. Nrg1, neuregulin 1; pErbB4, phosphorylated ErbB4; pNeu, phosphorylated Neu.](MMR-14-03-2614-g00){#f1-mmr-14-03-2614}

![Changes in the Nrg1 signaling pathway molecules in the frontal lobe of a human AD brain. (A) Congo red staining and abnormal aggregation of Aβ~1--42~, indicating the formation of the amyloid plaques (indicated by the arrowheads) in the frontal cortical gray matter of a human AD brain. The scale bar represents 20 *μ*m. (B) Western blotting analysis of Nrg1, phosphorylation levels of ErbB4, Neu and Erk1/2 in the frontal lobe of a human AD patient brain. (C) Immunohistochemical detection of Nrg1, pErbB4 and pNeu (indicated by the arrowheads) in the frontal cortical gray matter from either the normal indivdual or the human AD patient. Double immunofluorescence staining images are shown for co-localization of Nrg1 with either (D) pErbB4 or (E) pNeu in the frontal cortical gray matter from either the normal individual or the human AD patient. The scale bar represents 20 *μ*m. AD, Alzheimer\'s disease; Aβ, β-amyloid; Nrg1, neuregulin 1; pErbB4, phosphorylated ErbB4; pNeu, phosphorylated Neu; Erk, extracellular-signal regulated kinase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.](MMR-14-03-2614-g01){#f2-mmr-14-03-2614}

![Western blot analysis of Nrg1, pNeu and pErbB4 in primary mouse cortical neurons in response to cell senescence. (A) Protein levels of Nrg1 isoforms and (B) the phosphorylation levels of Neu and ErbB4 in cortical neurons cultured for 0 to 10 days (n=5, one-way analysis of variance with Tukey\'s post-hoc test; data are expressed as the mean ± standard error of the mean). ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 compared with the 0-day control. Nrg1, neuregulin 1; pErbB4, phosphorylated ErbB4; pNeu, phosphorylated Neu; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.](MMR-14-03-2614-g02){#f3-mmr-14-03-2614}

![Protective role of rNrg1β in primary mouse cortical neurons in response to oxidative stress and neuraxon damage. (A) Protein levels of Nrg1 isoforms and (B) phosphorylation levels of Neu and ErbB4 receptors in primary cortical neurons after a 24 h treatment with 0-20 *μ*M H~2~O~2~ (n=6, one-way ANOVA with Tukey\'s post-hoc test; data are expressed as the mean ± SEM). ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 compared with the control group. (C) The phosphorylation levels of Neu and ErbB4, and (D) the pAkt1 levels and (E) the pErk1/2 levels in primary cortical neurons pretreated with rNrg1β at a concentration of 5 or 10 nM for 2 h prior to a 24-h treatment with 2.5 *μ*M oligomeric H~2~O~2~ (n=5, one-way ANOVA with Tukey\'s *post-hoc* test; data are expressed as the mean ± SEM). ^\#\#^P\<0.01 and ^\#\#\#^P\<0.001 vs. the vehicle control and ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. the H~2~O~2~-treated group. Double immunofluorescence staining of Nrg1 with either (F) pErbB4 or (G) pNeu in the cortical neurons pretreated with rNrg1β at a concentration of 5 or 10 nM for 2 h prior to a 24 h treatment with 2.5 *μ*M oligomeric H~2~O~2~. Scale bars=20 *μ*m. ANOVA, analysis of variance; SEM, standard error of the mean; H~2~O~2~, hydrogen peroxide; rNRG1β, recombinant neuregulin 1β, pErbB4, phosphorylated ErbB4; pNeu, phosphorylated Neu; pErk1/2, phosphorylated extracellular-regulated signal kinase 1/2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.](MMR-14-03-2614-g03){#f4-mmr-14-03-2614}

![Effects of rNrg1β pretreatment on the Nrg1 signaling in primary mouse cortical neurons exposed to Aβ~1--42~. The (A) relative levels of the Nrg1 isoforms, (B) phosphorylation levels of Neu and ErbB4, (C) pAkt1 levels and (D) pErk1/2 levels in primary cortical neurons pretreated with rNrg1β at a concentration of 5 or 10 nM for 2 h prior to a 24-h treatment with 10 *μ*M oligomeric Aβ~1--42~ are shown (n=5, one-way analysis of variance with Tukey\'s post-hoc test; data are expressed as the mean ± standard error of the mean). Double immunofluorescence staining of β-III tubulin with either (E) pErbB4 or (F) pNeu in the cortical neurons pretreated with rNrg1β at a concentration of 5 or 10 nM for 2 h prior to a 24 h treatment with 10 *μ*M oligomeric Aβ~1--42~. Scale bars=20 *μ*m. rNRG1β, recombinant neuregulin 1β, pErbB4, phosphorylated ErbB4; pNeu, phosphorylated Neu; pErk1/2, phosphorylated extracellular-regulated signal kinase 1/2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Aβ, amyloid-beta; DAPI, 4′,6-diamidino-2-phenylindole. ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. vehicle control and ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 compared with the control group.](MMR-14-03-2614-g04){#f5-mmr-14-03-2614}
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